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The single cysteinyl residue 26 of spinach calmodulin was labelled with the thiol-specific bimane fluorescence probe. Fol- 
lowing application of stoichiometric quantities of Ca2+ or aluminum ions to the protein, temperature-dependent fluores- 
cence changes (anisotropy, lifetime) could be monitored via the label. From these data the Y function could be con- 
structed which, as a function of temperature, seems to consist of two linear regions which intersect at the critical tempera- 
ture, T,. From the Y function the thermal coefficient, h(T), of the frictional resistance to fluorophore rotation could be 
determined. b(7) was dependent on the type and stoichiometry of the ligand(s) bound to calmodulin. Changes of the 
thermal coefficient apparently resulted in part from ligand-triggered structural pertubations transmitted over a consider- 
able distance to calmodulin region I, the site of the fluorophore. 
Calmodulin; Protein flexibility; Fluorescence anisotropy; Fluctuation 
1. INTRODUCTION 
Calmodulin (CaM) is a small (Mr 15700), acidic 
protein, which mediates Ca’+-dependent regu- 
latory processes in cells. An intriguing feature of 
calmodulin is its capability to interact with and 
stimulate numerous specific enzymes [l]. The 
biochemically active form appears to be (Ca2+)4- 
calmodulin which has a pronounced tendency to 
bind to a basic amphiphilic w-helix in a variety of 
target peptides [2]. The protein’s intrinsic flexibili- 
ty probably contributes to its versatility [3]. 
Thanks to its flexibility and associated rapid local 
motion, calmodulin can apparently control and 
thus correlate molecular events [4,5], e.g., those 
triggered by specific ligands bound to specific loca- 
tions. This motion and associated conformational 
changes are thought to be crucial for its 
biochemical activity [5]. 
To analyze the conformational changes, a small 
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fluorophore attached to the protein may be used. 
For example, by measuring the temperature 
dependence of fluorescence polarization and 
lifetime of the probe, the Y function can be 
established [6]. This function describes the fric- 
tional resistance associated with conformational 
changes to the probe’s rotational motion. 
Conformational changes at a defined locus on 
calmodulin may be the result of transfer of struc- 
tural perturbations initially generated by ligands 
bound to protein regions distant from or close to 
the defined locus [7]. Examination of these kinds 
of ligand-triggered conformational changes via a 
fluorophore requires studies of the relative motion 
of calmodulin’s constituent regions. 
To monitor ligand-triggered conformational 
changes through a fluorophore, we therefore 
selected spinach calmodulin which harbors a single 
cysteinyl residue at site 26, i.e., region I of the 
polypeptide chain [7,8]. Our results indicate that 
through a strategically anchored fluorophore, con- 
formational changes could be determined in 
response to ligand-triggered structural pertur- 
bations. 
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2. MATERIALS AND METHODS The standard enthalpy at the critical temperature T, can be 
derived from 
The fluorescence probe monobromotrimethylammonio- 
bimane was purchased from Calbiochem Company (San Diego, 
CA) under the commercial name of thiolyte MQ. Phenyl- 
Sepharose CL-4B was obtained from Pharmacia Company 
(Uppsala, Sweden). The other chemicals were of the highest 
quality available. 
AH = [(d Y/d7)r, - 0.5(b, + bz) .4R7?./tc(bz - br)] (3) 
T, is the critical temperature, where K = 1, and t, = T, - T,,. 
The critical temperature was obtained from a linear regression 
analysis of the data points. The slope at this temperature was 
determined after fitting the experimental data to theoretical 
curves using a non-linear regression scheme (Marquardt’s 
algorithm) on an IBM-XT computer. The correlation coeffi- 
cient for these kinds of statistical analyses was better than 0.98. 
2.1. Purification of spinach calmodulin 
Spinach calmodulin was purified from fresh spinach leaves 
according to a method described [7]; a slight modification was 
made by replacing phenothiazine Affigel with phenyl-Sepharose 
CL-4B. The purity of the protein was judged by the 
characteristic ultraviolet absorption spectrum and the absence 
of tryptophan fluorescence. Moreover, following elec- 
trophoresis on SDS gels, only one band was observed [7]. 
3. RESULTS 
2.2. Labelling of spinach caltnodulin 
Freshly isolated calmodulin was labelled with a fluorescence 
probe, thiolyte MQ. This probe is highly reactive with reduced 
thiol groups. The probe concentration was evaluated by 
measuring its absorbance (6378 = 5700 M ‘cm-‘) [9]. The pro- 
tein concentration was determined by the Bradford assay [lo]. 
The molar ratio of [label]/[calmodulin] was found to be unity 
171’ 
2.3. Fluorescence studies of labelled calmodulin 
Fluorescence experiments were performed on an SLM spec- 
trofluorimeter, model 4800 (Urbana, IL), which was interfaced 
with a Hewlett-Packard desk top computer, HP-85, and a plot- 
ter to aid in data acquisition and analysis. The steady-state 
fluorescence anisotropy, r, was measured by using the T-format 
method. Two Corning filters, CS-72, were placed in the emis- 
sion pathways. The excitation wavelength was at 385 nm. 
Fluorescence lifetimes were determined according to the phase 
shift and demodulation methods [ll]. 
2.4. Analysis of the data 
The Y function is dependent on the thermal coefficient of 
frictional resistance, b(T), to rotation of the fluorophore [6]. If 
a fraction, f,, of the protein molecules is in substate 1, while the 
other fraction, f2, occupies substate 2, the corresponding ther- 
mal coefficients are bl and bz. resnectivelv. The ratio. f~/fi = 
Fluorescence anisotropy and lifetime studies 
were performed on bimane-labelled spinach 
calmodulin in MODS buffer over the temnerature 
range lo-40°C. From these data corresponding Y 
function values (fig. 1) were calculated using eqn 2. 
Upon binding of the first two Ca2’ to spinach 
calmodulin, the Y function values increased com- 
pared with corresponding values of apocalmodu- 
lin, at all temperatures tested (fig.1). Following 
binding of the first two Ca2+ to calmodulin’s high 
affinity binding sites III and IV [l], a perturba- 
tional signal was locally elicited, producing confor- 
mational changes which, in turn, can be monitored 
at the bimane-labelled region I. Relative to 
apocalmodulin, the probe’s rotational motion 
became apparently less restricted in 
(Ca2+)7-calmodulin. In the oresence of saturating 
Ca2+ ‘concentrations, where Ca2+ also occupies 
region I, the Y function values were higher at 
temperatures below 298 K, while those above that 
temperature were lower compared with correspon- 
ding values derived from aiocalmodulin (fig. 1). 
Below 298 K and in the presence of saturating 
Ca2+ concentrations, the probe experienced less 
K, is the equilibrium constant, and 
b(T) = W-i + bzfi 
The Y function is defined as 
Y = In(&v) = b(T).(T- TO) 
= In[ [r(O)/r] - 1) - ln(RTT/Vyo) 
. 
where 7 and q0 are viscosities at temperature T and a reference 
temperature, T, (293.1 K), respectively. r is the anisotropy 
measured at temperature, r, r(0) is the apparent limiting 
anisotropy [ll]. For the bimane-labelled protein, we obtained 
a value of r(0) = 0.2142 from a Perrin plot 171. V is the 
molecular volume of the fluorophore probe, r is the 
fluorescence lifetime measured, and R is the gas constant. Since 
the Y function is the logarithm of a ratio of viscosities, a low 
value of the Y function is associated with restricted fluoroohore 
rotation because of a high viscosity. 
rotational constraint compared with that above 
this critical temperature. This temperature 
dependence is probably a manifestation of confor- 
mational changes occurring at the critical 
temperature of 298 K. At a molar ratio of 
[Al]/[calmodulin] = 3 : 1, addition of aluminum 
produced a change which, in turn, restricted the 
probe’s rotation more than that observed in 
apocalmodulin above 293 K. Below this 
temperature the rotational characteristics were 
reversed (fig. 1). 
The thermal resistance coefficients, br and 62, 
are listed in table 1. In the low temperature range, 
the values of the slopes, bi, were larger than those 
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Fig. 1. Y(T) vs temperature for bimane-labelled spinach calmodulin. Fluorescence studies were performed on an SLM 
spectrofluorimeter, model 4800. The labelled calmodulin was dissolved in Mops buffer (10 mM, pH 6.5, 0.1 M KCI) to reach a 
concentration of 7 pM. (0) Apocalmodulin; (0) 2Ca2+; (m) calmodulin + 5CaZ+; and (A) calmodulin + 5Ca2+ + 3Al. 
in the higher temperature range, 62. All br and 62 
values decreased as the Ca*+ concentration of the 
solution increased. 
Concerning changes of the thermal resistance 
coefficient (table I), it appeared that the effective 
resistance to rotation experienced by the 
fluorophore comprises two temperature-dependent 
contributions, viz., the protein conformations and 
the solvent viscosity. It is known that Ca*+- and 
A 1 -binding to calmodulin lead to pronounced con- 
Table 1 
Physical parametersa for spinach calmodulin in the presence of 
ligands 
Calmodulin br b2 bdbz Tc AH AS 
Apocalmodulin 4.7 3.4 1.4 299 8.0 26.8 
CaM + 2Ca2+ 4.2 3.0 1.4 297 2.9 9.8 
CaM + 5Ca2+ 3.7 2.5 1.5 298 5.3 17.8 
CaM + 5Ca2+ + 3Al 2.1 2.2 1.2 299 8.2 21.4 
a br and bz are listed as percent decrease per degree, T, is the 
critical temperature in K with an error of + 1 K, AH in kcal 
per mol. AS in kcal per mol per degree 
formational changes in the protein [1,7,12,13]. 
Ligand-triggered changes are also reflected in the 
enthalpy values (table 1) observed at the critical 
temperature, where the protein was being 
transformed from substate 1 into substate 2. For 
apocalmodulin this enthalpy change was 
8.0 kcal . mol- ’ . K-l, while for (Ca*+)2-calmodulin 
the enthalpy value decreased to 2.9 kcal . mol-‘. 
K-l. The probe residing in region I seemingly 
became more sensitive to temperature changes 
following binding of two Ca*+ at regions III and 
IV. Structural perturbations at these latter sites 
produced conformational changes which could be 
monitored at the defined site of the fluorophore. 
Following further addition of Ca*+ until satura- 
tion, one of the Ca*+ bound to Ca*+ binding 
region I. Consequently new bonds were established 
which rendered the probe’s rotational motion less 
prone to temperature changes, as indicated by 
AH=5.3 kcal.mol-‘.K-‘. Whenaluminum(3:l) 
was present, the probe’s motion appeared to be 
less disposed to temperature changes as indicated 
by AH = 8.2 kcal.mol-‘OK-‘. These Al-related 
changes of motion may be a consequence of con- 
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formational changes monitored at the probe’s 
monitoring site. 
4. DISCUSSION 
Regarding calmodulin’s multifunctional roles 
[l], the inherent flexibility of the polypeptide 
chain, in the presence and absence of Ca2+, is ap- 
parently of great import [3]. This flexibility is in 
part determined by rotational barriers generated 
by bonds such as those of peptide linkages and 
hydrogen bonds in helix structures. Like that of 
other globular proteins in a thermal bath, 
calmodulin’s flexible structure rapidly fluctuates 
around its equilibrium configuration in solution. 
Associated local motions are generally thought to 
be crucial for biochemical activities [4,5]. Mole- 
cular dynamics analysis of proteins indicated that 
there exist a multitude of conformational substates 
which are accessible by rapid structural fluctua- 
tions of the protein [14]. When triggered locally by 
the first two Ca’+, bound to the carboxyl-terminus 
lobe of the calmodulin dumb-bell [15], conforma- 
tional changes can be monitored through the 
strategically anchored fluorophore. These may 
originate from changes of segmental motion 
and/or global protein motion which, in turn, had 
been produced by ligand-triggered perturbations 
of local protein structure. Therefore, these types of 
perturbations are becoming manifest in changes of 
physical properties of fluorophore rotation. 
We have also shown that spinach calmodulin, 
both in its apoform and in the presence of metals, 
undergoes a substate change at a temperature of 
25°C. This temperature value is significantly below 
the major thermal unfolding of the protein, viz., at 
55°C for apocalmodulin and at >9O”C for 
calmodulin in the presence of Ca2+ [16]. In 
biochemically active calmodulin, i.e., (Ca2C)4- 
calmodulin generated in the presence of saturating 
CaZf (table l), the enthalpies lie below those of 
calmodulin which is biochemically inactive 
(apocalmodulin) or whose regulatory capacity has 
been greatly diminished by aluminum ions [13]. 
Furthermore, in (Ca2+)4-calmodulin the lower en- 
thalpy seems to reflect the sensitive dynamic 
aspects of calmodulin, essential for the transfer of 
information within the macromolecule in response 
to regulatory stimuli. Again in biochemically ac- 
tive calmodulin, the Cazf-protein interaction 
characteristics probably remained intact [ 171 in 
both structures associated with the substances 
below and above the critical temperature. The 
temperature-dependent changes observed in 
apocalmodulin versus (Ca’+)d-calmodulin (fig. 1) 
may be related in part to their respective degree of 
hydration. This is illustrated, for example, in 
studies indicating that water molecules are being 
removed at each coordination site of C& [18]. 
Furthermore, in biochemically active eaImodulin a 
Ca”-induced exposure of brdrophobic surface 
was observed [19]. Similarly, concomitant with the 
breakage of hydrogen bonds [13], changes in 
solvation structure are to be expected upon ap- 
plication of aluminum ions to (Ca’+)d-calmodulin. 
In summary, thanks to its finely tuned, 
Ca2+-dependent flexibility, calmodulin is capable 
of fulfilling regulatory functions. 
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